Four experiments were conducted in this study. Experiment 1 was carried out to examine mRNA expressions of nuclear vitamin D receptor (nVDR), membrane vitamin D receptor (mVDR), and type IIb sodium-phosphate cotransporter (NaPiIIb) in the small intestine of broiler chickens. Experiments 2, 3, and 4 were implemented to evaluate effects of age, non-phytate phosphorus (NPP), and 25-hydroxycholecalciferol (25-OH-D 3 ) on mRNA expressions of nVDR, mVDR, and NaPi-IIb in the duodenum of chickens. Results showed that mRNA expression levels of nVDR and NaPi-IIb were highest in the duodenum of 21-day-old broilers, lower in the jejunum, and lowest in the ileum. By contrast, no differences in mRNA expression levels of mVDR were detected among the duodenum, jejunum, and ileum. Age quadratically affected mRNA expressions of nVDR, mVDR, and NaPi-IIb in the duodenum and 25-hydroxylase in the liver of 7-to 42-day-old broilers, with the highest levels observed at 21 d of age. By contrast, age linearly decreased mRNA expression level of 1α-hydroxylase in kidneys. Dietary NPP levels quadratically affected mRNA expression levels of nVDR and mVDR in the duodenum and 25-hydroxylase in the liver of 21-day-old broilers. The highest mRNA expression levels of nVDR and mVDR and lowest mRNA level of 25-hydroxylase were observed at 0.55% NPP. mRNA expression level of NaPi-IIb linearly declined when dietary NPP levels increased from 0.25 to 0.65%. Addition of 12.5 μg/kg of 25-OH-D 3 increased mRNA expression level of 1α-hydroxylase in kidneys and those of nVDR, mVDR, and NaPi-IIb in the duodenum of broilers compared with birds fed the diet without 25-OH-D 3 . These data indicate that mRNA expressions of nVDR and NaPi-IIb are highest in the duodenum, and the greatest mRNA levels of nVDR, mVDR, and NaPi-IIb are observed at 21 d of age. Dietary NPP levels quadratically increase mRNA expressions of nVDR and mVDR but linearly decrease NaPi-IIb mRNA level. 25-OH-D 3 up-regulates the above gene transcription.
INTRODUCTION
Cholecalciferol (vitamin D 3 ) is used as a feed additive to regulate calcium (Ca) and phosphorus (P) metabolism and bone development in poultry. It undergoes 25-hydroxylation in the liver to transform into 25-hydroxycholecalciferol (25-OH-D 3 ) and then undergoes 1α-hydroxylation in kidneys to form the final active product 1,25-dihydroxycholecalciferol [1,25-(OH) 2 -D 3 ]. 1,25-(OH) 2 -D 3 binded to 2 vitamin D receptors (VDRs) to regulate P absorption in the small intestine of poultry, which were nuclear VDR (nVDR) and membrane VDR (mVDR) (Nemere et al., 2004) . The former nVDR was located in the nucleus of in-C 2018 Poultry Science Association Inc. Received August 24, 2017. Accepted November 22, 2017. 1 Corresponding author: j.c.han@hotmail.com testinal cells and activates mitogen-activated protein kinase (MAPK) pathway in chickens (Boland and Norman, 1998) . mVDR was located in basal-lateral membranes of intestinal cells [also named membraneassociated rapid-response steroid-binding (MARRS) protein] and promoted P uptake via protein kinase C (PKC) signaling pathway in chicks (Tunsophon and Nemere, 2010) . Type IIb sodium-phosphate cotransporter (NaPi-IIb) was the only protein that transports P in brush-border membranes of small intestinal cells of poultry (Yan et al., 2007) . Expressions of nVDR, mVDR, and NaPi-IIb in animal intestine are affected by age, P, and vitamin D.
Research has shown that active P absorption was highest in the duodenum, followed by the jejunum and ileum of chickens (Liu et al., 2016) . These data suggest differences in gene expression in relation to site in the small intestine. In mice, the highest mRNA expression level of nVDR was observed in the duodenum, followed by the jejunum and ileum (Chow et al., 2013) . Opposite results were observed for mVDR, whose mRNA expression levels were highest in the ileum, followed by the jejunum and duodenum in rats (Tudpor et al., 2008) . Research has shown the differences in mRNA expression levels of NaPi-IIb in the duodenum, jejunum, and ileum of chickens (Yan et al., 2007; Han et al., 2009; Liu et al., 2016) . However, mRNA expression levels of nVDR and mVDR in the small intestine of chickens have not been examined.
Sodium-dependent phosphate absorption in the small intestine decreased with age in rats (Xu et al., 2002) and is related to gene expression levels of nVDR, mVDR, and NaPi-IIb. Aged rats exhibited lower protein abundance of nVDR in the duodenum than young rats (Gonzalez Pardo et al., 2008) . Protein abundance of duodenal mVDR also decreased with age of leghorn cockerels (Larsson and Nemere, 2003) . Furthermore, mRNA expression levels of NaPi-IIb declined with aging of rats (Xu et al., 2002) . By contrast, reported that nVDR protein abundance linearly increased in chickens from 1 to 42 d of age. mRNA expressions of nVDR and mVDR in small intestines of broiler chickens with aging should be clarified.
Low dietary P stimulated active phosphate absorption and increased protein abundance and mRNA expression level of NaPi-IIb in the jejunum of rats (Giral et al., 2009) . These data suggest that dietary P levels regulate gene expression of NaPi-IIb and phosphate absorption in the small intestine of mammals. Studies in poultry also have shown the regulation of dietary P levels on gene expressions of nVDR and NaPi-IIb (Yan et al., 2007; Li et al., 2011; Nie et al., 2013; Liu et al., 2017) . However, effects of dietary P levels on mRNA expressions of mVDR have not been evaluated.
25-OH-D 3 has been authorized as a feed additive in poultry in China. This compound is hydroxylated by 1α-hydroxylase in kidneys to its active form 1,25-(OH) 2 -D 3 (Fraser and Kodicek, 1973) . 1α-Hydroxycholecalciferol (1α-OH-D 3 ), the derivative of 25-OH-D 3 , up-regulated mRNA expression levels of NaPi-IIb in the small intestine of chickens (Han et al., 2009) . However, effects of 25-OH-D 3 on mRNA expressions of nVDR, mVDR, and NaPi-IIb in the small intestine of broiler chickens have not been investigated.
Therefore, the objective of this study was to evaluate effects of age, P, and 25-OH-D 3 on mRNA expressions of nVDR, mVDR, and NaPi-IIb in the small intestine of broiler chickens.
MATERIALS AND METHODS

Birds, diets, and management
All of the procedures used in this study were approved by the Animal Care Committee of Shangqiu Normal University.
Experiment 1 was conducted to investigate differences in mRNA expressions of nVDR, mVDR, and NaPi-IIb in the duodenum, jejunum, and ileum of 21-day-old broilers. On the d of hatch, 72 male Ross 308 broilers were randomly allotted to 6 replicate cages of 12 birds per cage. Broilers were fed with diets with adequate nutrients (Table 1) . At 21 d of age, 2 chickens per replicate cage (12 birds in total) were randomly selected and euthanized by cervical dislocation for collection of mucosa samples from the duodenum, jejunum, and ileum.
Experiment 2 was conducted to evaluate effects of age on mRNA expressions of 25-hydroxylase in the liver, 1α-hydroxylase in kidneys, and nVDR, mVDR, and NaPi-IIb in the duodenum of 7-to 42-day-old broilers. On the d of hatch, 144 male Ross 308 broilers were randomly allotted to 12 cages of 12 birds per cage. Broilers were fed diets with adequate nutrients (Table 1) . At 7, 14, 21, 28, 35 , and 42 d of age, 2 chickens per replicate (12 birds per age) were randomly selected and euthanized by cervical dislocation for collection of liver, kidney, and duodenal mucosa samples.
Experiment 3 was conducted to explore effects of dietary non-phytate phosphorus (NPP) levels on mRNA expressions of 25-hydroxylase in the liver, 1α-hydroxylase in kidneys, and nVDR, mVDR, and NaPi-IIb in the duodenum of 1-to 21-day-old chickens. On the d of hatch, 360 male Ross 308 broilers were randomly allotted to 5 treatments with 6 replicate cages of 12 birds per cage. Dietary NPP levels were 0.25, 0.35, 0.45, 0.55, and 0.65% (Table 1) . At 21 d of age, all chickens were weighed, and feed intake was calculated. Two birds per replicate cage (12 birds in group) were randomly selected and euthanized by cervical dislocation for collection of tibia, liver, kidney, and duodenal mucosa samples.
Experiment 4 was conducted to examine effects of 25-OH-D 3 on mRNA expressions of 1α-hydroxylase in kidneys and nVDR, mVDR, and NaPi-IIb in the duodenum of 1-to 14-day-old broilers. On the d of hatch, 144 male Ross 308 broilers were randomly allotted to 2 treatments with 6 replicate cages of 12 birds per cage. Dietary 25-OH-D 3 levels were 0 and 12.5 μg/kg (Table 1) . At 14 d of age, all chickens were weighed, and feed intake was calculated. Two birds per replicate cage (12 birds per group) were randomly selected and euthanized by cervical dislocation for collection of tibia, kidney, and duodenal mucosa samples.
Broiler chickens from 1 to 21 and 22 to 42 d of age were reared in stainless steel cages (190 cm × 50 cm × 35 cm). Birds were provided ad libitum access to mash feed and water during experiments with 20 h of light and 4 h of darkness. Room temperature was controlled at 33
• C from d 0 to 3, 30
• C from d 4 to 7, 27
• C from d 8 to 14, and 24
• C from d 15 to 42.
25-OH-D 3
Crystalline 25-OH-D 3 was supplied by Changzhou Book Chemical Co., Ltd. (Changzhou, China). 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 DL-Methionine (98%) 0.14 0.14 0.08 0.14 0.14 0.14 0.14 0.14 0.14 Trace mineral premix 25-OH-D 3 solution was prepared as described by Biehl and Baker (1997) . Crystalline 25-OH-D 3 was weighed, dissolved in ethanol, and then diluted by propylene glycol (5% ethanol:95% propylene glycol). Solution concentration was analyzed by high-performance liquid chromatography (HPLC) method in Shanghai Fuxin Analysis Technology Center (Shanghai, China). The determined concentration of 25-OH-D 3 solution was 9.51 μg/mL. 25-OH-D 3 solution was then added to broiler diets in experiment 4.
Sample collection
Randomly selected chickens were euthanized, and the whole small intestine was isolated immediately from the gastrointestinal tract and cut into 3 pieces based on the following physiological marks: duodenum (distal to the gizzard to 1 cm distal to the bile duct), jejunum (1 cm distal to the bile duct to Meckel's diverticulum), and ileum (Meckel's diverticulum to 1 cm proximal to ileocecal junction) (Han et al., 2009 ). These segments were rinsed with ice-cold 0.9% NaCl. Mucosa was scraped off 3 cm at the center of individual segments (duodenum, jejunum, and ileum) with a glass microscope slide, immediately frozen in liquid nitrogen, and then kept at −80
• C. After chickens were euthanized, liver and kidney samples also were immediately collected. Samples were frozen in liquid nitrogen and then stored at -80
• C until further analysis. Tibia bones were collected and stored at -20 • C. The weight, length, ash weight, and the percentage of ash, Ca, and P of tibia bones were measured with the method of Han et al. (2009) . Ca and total P (tP) contents in diets were determined as described by Han et al. (2009) .
Total RNA extraction, reverse transcription, and quantitative real-time polymerase chain reaction
Total RNA was isolated from the liver, kidney, and mucosa of the duodenum, jejunum, and ileum of chickens with TRIzol reagent (Tiangen Biotech Co. Ltd., Beijing, China) in accordance with manufacturer's instructions. RNA concentration was determined spectrophotometrically. OD260/280 values ranged from 1.8 to 2.0 to assure purity of total RNA. All samples were stored at -80
• C. Reverse transcription was performed using 1 μg of total RNA with the Primescript Reverse Transcription Reagent Kit (Takara Biotechnology Co. Ltd., Dalian, China) in accordance with manufacturer's instructions. Primers of nVDR, mVDR, NaPi-IIb, 25-hydroxylase, 1α-hydroxylase, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China, Table 2 ).
Quantitative real-time PCR was performed with the SYBR Premix PCR Kit (Takara Biotechnology • C for 30 s, and 72
• C for 30 seconds. Each gene was amplified in triplicate. The standard curve was determined using pooled samples. Gene expressions relative to endogenous control of GAPDH for each sample were calculated using the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ).
Statistical analysis
Replicate means served as experimental units in statistical analysis. Data were analyzed using oneway analysis of variance (ANOVA) of SAS software (SAS Institute, 2002) . Polynomial comparisons were performed to determine linear and quadratic effects of age or dietary NPP levels on growth, bone, and mRNA expression levels of nVDR, mVDR, NaPi-IIb, 25-hydroxylase, and 1α-hydroxylase.
RESULTS AND DISCUSSION
Intestinal segment
Experiment 1 was conducted to investigate mRNA expressions of nVDR, mVDR, and NaPi-IIb in small intestine segments (duodenum, jejunum, and ileum) of broiler chickens. Results showed that the highest mRNA expression levels of nVDR and NaPi-IIb were in the duodenum of 21-day-old broilers, followed by the jejunum, and then ileum (Table 3) . By contrast, no differences in mRNA expression levels of mVDR were observed among the 3 intestinal segments. The duodenum was considered for sample collection in experiments 2, 3, and 4.
Phosphate absorption in the intestine is regulated by 1,25-(OH) 2 -D 3 after its binding to nVDR and mVDR. Studies have shown that immunoreactions of nVDR a-c Means in the same column without a common superscript differ (P < 0.05).
1 Values are means of 6 replicates of 2 chickens per replicate (n = 6). Average body weight of broiler chickens at 21 d of age was 711 g/bird.
were greatest in duodenal mucosa, lower in the jejunum, and lowest in the ileum of cows , sheep (Riner et al., 2008) , and goats (Sidler-Lauff et al., 2010) . In mice, mRNA expression levels of nVDR were also highest in the duodenum, followed by the jejunum and ileum (Chow et al., 2013) . These data suggest that protein abundance and mRNA expression levels of nVDR differ in the 3 segments of the small intestine of mammals. The present study showed that mRNA expression levels of nVDR were highest in the duodenum of 21-day-old broilers, lower in the jejunum, and lowest in the ileum. These data indicate similarity of intestinal nVDR gene expression in poultry to that in mammals.
mVDR was mainly expressed in basal-lateral membranes of intestinal cells of chickens and featured a molecular weight of 64.5 kDa . The lowest and highest mRNA expression levels of mVDR were observed in the duodenum and in the ileum of rats, respectively (Tudpor et al., 2008) . The present study showed no significant difference in mRNA expression levels of mVDR in the duodenum, jejunum, and ileum of chickens.
Among the 3 intestine segments, the duodenum is the main site for phosphate absorption in chickens. Phosphate absorption in the duodenum was greater than that in the jejunum or in the ileum of broilers (Liu et al., 2016 ). The highest mRNA expression level of NaPiIIb occurred in the duodenum of chickens, followed by the jejunum and ileum (Yan et al., 2007; Han et al., 2009; Liu et al., 2016) . The present study obtained similar results. Our results showed the highest levels of NaPi-IIb mRNA in the duodenum, followed by the jejunum, and ileum in broilers. Opposite results were observed in mammals. Sodium-dependent phosphate absorption and mRNA expression levels and protein abundance of NaPi-IIb were lowest in the duodenum, at intermediate levels in the jejunum, and highest in the ileum of mice and rats (Radanovic et al., 2005; Marks et al., 2006) . In small intestines of Holstein cows, mRNA expression of NaPi-IIb was also highest in the distal jejunum and ileum and almost absent in the duodenum and proximal jejunum (Foote et al., 2011) . The NaPiIIb gene expression affects active phosphate absorption in 3 intestinal segments. Sodium-dependent phosphate was absorbed mainly in the duodenum of chickens; by contrast, the ileum was the main site for active phosphate absorption in mice (Radanovic et al., 2005; Liu et al., 2016) .
Age
Experiment 2 was conducted to investigate effects of age (7, 14, 21, 28, 35 , and 42 d of age) on mRNA expressions of 25-hydroxylase in the liver, 1α-hydroxylase in kidneys, and nVDR, mVDR, and NaPi-IIb in the duodenum of broiler chickens. Results showed that age quadratically affected mRNA expression levels of 25-hydroxylase in the liver and nVDR, mVDR, and NaPi-IIb in the duodenum of birds (Table 4) . mRNA expression level of 25-hydroxylase in the liver increased from 1 to 21 d of age and then declined from 28 to 42 d of age. The highest level was noted at 21 d of age. Similar results were observed in mRNA expressions of nVDR, mVDR, and NaPi-IIb in the duodenum. By contrast, mRNA expression level of 1α-hydroxylase in kidneys of broilers linearly decreased from 7 to 42 d of age. Chicken samples were collected at 14 to 21 d of age in experiments 3 and 4.
Age affects gene expression of nVDR in the small intestine of animals. Protein abundance of nVDR in the duodenum of 24-month-old rats was lower than that of 3-month-old rats (Gonzalez Pardo et al., 2008) . Research on chickens has shown that protein abundance of nVDR in the duodenum and jejunum linearly increased in broilers from 1 to 35 d of age but declined at 42 d of age . The present study showed that age quadratically affected mRNA expressions of nVDR in the duodenum of chickens, with the highest mRNA expression level observed at 21 d of age.
mVDR expression also changes with aging. Protein abundance of mVDR in the duodenum linearly decreased in 7-to 58-week-old leghorn cockerels (Larsson and Nemere, 2003) . The present study showed that age quadratically affected mRNA expressions of mVDR in the duodenum of chickens. The highest mRNA levels of mVDR in the duodenum were observed at 21 d of age and then decreased from 28 to 42 d of age.
Previous research has shown that mRNA expressions of NaPi-IIb in the duodenum quadratically correlate to age, and the highest levels of NaPi-IIb mRNA are observed in 21-day-old chickens . Similar results were observed in the present study. mRNA levels of NaPi-IIb in the duodenum increased from 7 to 21 d of age and then declined from 28 to 42 d of age. Both the NaPi-IIb gene expression and active phosphate absorption decreased with aging of rats (Xu et al., 2002) . The change of intestinal phosphate absorption with age of chickens should be clarified.
25-Hydroxylation in the liver and 1α-hydroxylation in kidneys are necessary for conversion of vitamin D 3 into 1,25-(OH) 2 -D 3 . Thus, the present study examined effects of age on mRNA expressions of 25-hydroxylase in the liver and 1α-hydroxylase in kidneys. Previous research has shown that 25-hydroxylase activity in the liver increased with age in male rats (Saarem and Pedersen, 1988) . The present study showed that age quadratically affected mRNA level of 25-hydroxylase. The highest mRNA level of 25-hydroxylase in the liver was observed in 21-day-old broilers, but it declined from 28 to 42 d of age. These data suggest that age affects gene transcription of 25-hydroxylase in the liver. Among chicken organs, mRNA expression level of 1α-hydroxylase was highest in kidneys (Shanmugasundaram and Selvaraj, 2012) . Kidney 1α-hydroxylase activity peaked at 8 to 18 d of age in 6-to 46-day-old turkeys (Stevens et al., 1984) . The present study showed that mRNA levels of 1α-hydroxylase in chicken kidneys linearly decreased from 7 to 42 d of age. These data suggest that gene transcription of 1α-hydroxylase in kidneys of broilers declines with age. Another research on swine showed that 1α-hydroxylase activity in kidneys of newborn pigs was lower than that in adult pigs (Hosseinpour et al., 2002) .
Dietary NPP levels
Experiment 3 was conducted to explore effects of dietary NPP levels (0.25, 0.35, 0.45, 0.55, and 0.65%) on mRNA expressions of 25-hydroxylase in the liver, 1α-hydroxylase in kidneys, and nVDR, mVDR, and NaPi-IIb in the duodenum of broiler chickens. Results showed that the FI and BWG of broiler chickens from 1 to 21 d of age increased with 0.25 to 0.45% dietary NPP levels (Table 5) . No significant differences in growth were observed from 0.45 to 0.65% NPP. Similar results were found in tibia mineralization in chickens at 21 d of age (Table 6 ). Dietary NPP levels quadratically affected mRNA expressions of 25-hydroxylase in the liver and nVDR and mVDR in the duodenum of 1-to 21-day-old broilers (Table 7) . mRNA expression level of 25-hydroxylase in the liver decreased when dietary NPP levels increased from 0.25 to 0.55% but then enhanced at 0.65% NPP. The lowest mRNA level of 25-hydroxylase was observed at 0.55% NPP. Opposite results were observed in mRNA expressions of nVDR and mVDR. mRNA expression levels of nVDR and mVDR in the duodenum increased when the NPP levels increased from 0.25 to 0.55% but then declined at 0.65% NPP. The highest mRNA level was found at 0.55% NPP. A total of 0.35 to 0.55% NPP levels decreased mRNA expression level of 1α-hydroxylase in kidneys. By contrast, mRNA levels of NaPi-IIb linearly declined when dietary NPP levels increased from 0.25 to 0.65%. NRC (1994) has recommended that NPP requirement is 0.45% in 1-to 21-day-old broiler chickens. NPP at 0.45% was the medium level. Two lower (0.25 and 0.35%) and 2 higher levels of NPP (0.55 and 0.65%) were designed in the present study. Research has shown that a low-P diet increases mRNA levels and protein abundance of nVDR in the small intestine of chickens and rats (Meyer et al., 1992; Sriussadaporn et al., 1995) . The present study showed that dietary NPP levels quadratically affected mRNA levels of nVDR. mRNA levels of nVDR increased from 0.25 to 0.45% NPP and then declined from 0.55 to 0.65% NPP. These results agreed with those reported by Nie et al. (2013) , who observed that mRNA and protein expression of duodenal nVDR increased at 0.20 to 0.30% NPP and then decreased from 0.35 to 0.40% NPP in laying hens. These data indicate that nVDR expression reaches the Table 7 . Effects of dietary non-phytate phosphorus (NPP) levels on mRNA expressions of 25-hydroxylase in the liver, 1α-hydroxylase in kidneys, and nVDR, mVDR, and NaPi-IIb in the duodenum of broiler chickens from 1 to 21 d of age (experiment 3). highest levels at P requirement and then declines when dietary P far exceeds its optimal amount. mVDR was essential for regulation of phosphate uptake by 1,25-(OH) 2 -D 3 in intestinal cells of mice (Nemere et al., 2012) . The effect of dietary P levels on mRNA expression of mVDR has not been examined previously. The present study showed that dietary P quadratically affected mRNA levels of mVDR. The highest mRNA levels of mVDR were observed at 0.55% NPP and then declined at 0.65% NPP in 21-day-old broilers. These data suggest that dietary P levels regulate mVDR transcription.
Low dietary P stimulated mRNA expression of NaPi-IIb and active phosphate transport in the small intestine of mice (Radanovic et al., 2005 ). mRNA expression level of NaPi-IIb in the distal jejunum of Holstein cows was negatively correlated with fecal P concentration (Foote et al., 2011) . Further research has shown that dietary P affected NaPi-IIb mRNA expression in chickens (Yan et al., 2007; Li et al., 2012; Huber et al., 2015) . Increasing dietary P linearly decreased mRNA expression levels of NaPi-IIb in the duodenum of broiler chickens (Liu et al., 2017) and laying hens (Nie et al., 2013) . Similar results were noted in the present study. mRNA expression levels of NaPi-IIb linearly declined when dietary NPP increased from 0.25 to 0.65%.
25-Hydroxylase in the liver transforms vitamin D 3 to 25-OH-D 3 . High dietary P levels decreased plasma 1,25-(OH) 2 -D 3 concentration in laying hens and rats (Frost et al., 1991; Sriussadaporn et al., 1995) , contributing to activity inhibition of 25-hydroxylase in the liver and 1α-hydroxylase in kidneys. NPP requirements for 1-to 21-day-old broiler chickens reached 0.45% (NRC, 1994) and 0.39% (Liu et al., 2017) , respectively. In the present study, 0.55% NPP exceeded P requirement of chickens. mRNA levels of 25-hydroxylase declined when dietary NPP levels increased from 0.35 to 0.55%.
1α-Hydroxylase in kidneys converts 25-OH-D 3 to 1,25-(OH) 2 -D 3 . The present study showed that mRNA levels of 1α-hydroxylase in kidneys decreased when NPP levels increased from 0.35 to 0.55%. These results agreed with those reported by Azam et al. (2003) , who observed that low dietary P increased mRNA levels of 1α-hydroxylase in mouse kidneys. Protein abundance of 1α-hydroxylase in kidneys of young rats also increased when they were fed with low-P diets (Cheung et al., 2002) . These data suggest that dietary P levels transcriptionally regulate gene expression of 1α-hydroxylase in kidneys. However, 0.65% NPP increased mRNA levels of 1α-hydroxylase compared with that of birds fed diets with 0.55% NPP. The cause of this finding should be further clarified.
25-OH-D 3
Experiment 4 was conducted to examine effects of 25-OH-D 3 (0 and 12.5 μg/kg) on mRNA expressions of 1α-hydroxylase in kidneys and nVDR, mVDR, and NaPiIIb in the duodenum of broiler chickens. Results showed that supplementation of 12.5 μg/kg of 25-OH-D 3 improved growth performance and tibia mineralization and decreased mortality of chickens from 1 to 14 d of age (Tables 8 and 9 ). 25-OH-D 3 also increased mRNA expression level of 1α-hydroxylase in kidneys and those of nVDR, mVDR, and NaPi-IIb in the duodenum of 1 Values are means of 6 replicates of 2 chickens per replicate (n = 6).
1-to 14-day-old broiler chickens compared with birds fed the diet without 25-OH-D 3 (Table 10 ).
Research has shown the absence of differences in body weight gain, feed intake, bone ash content, and tibial dyschondroplasia severity in broilers fed diets with 12.5 to 100 μg/kg of 25-OH-D 3 (Fritts and Waldroup, 2003) . Our recent research has shown that 12.5 μg/kg of 25-OH-D 3 is sufficient for growth performance and bone mineralization in 1-to 42-day-old broilers (Chen et al., 2017) . Thus, the present study evaluated effects of 12.5 μg/kg of 25-OH-D 3 on mRNA expressions of phosphate absorption genes. 25-OH-D 3 was hydroxylated by 1α-hydroxylase in kidneys to its active form 1,25-(OH) 2 -D 3 (Fraser and Kodicek, 1973) . The present study showed that addition of 12.5 μg/kg of 25-OH-D 3 increased mRNA expression level of 1α-hydroxylase in kidneys of birds. These data suggest that 25-OH-D 3 promotes 1α-hydroxylase transcription.
When 25-OH-D 3 was hydroxylated and transformed to 1,25-(OH) 2 -D 3 , the latter binded to nVDR to activate the MAPK pathway in intestinal cells of chickens (Boland and Norman, 1998) . Two d after injection of 1,25-(OH) 2 -D 3 , mRNA expression levels of nVDR in the ileum of mice increased (Chow et al., 2013) . In the present study, 25-OH-D 3 also up-regulated nVDR mRNA levels in chickens.
After binding to mVDR, 1,25-(OH) 2 -D 3 activated the PKC signal pathway in the small intestine of chickens (Nemere et al., 2004) . PKCα and PKCβ participated in regulation of phosphate uptake by 1,25-(OH) 2 -D 3 in chickens (Tunsophon and Nemere, 2010) . Protein abundance of mVDR in the duodenum of chickens fed diets with vitamin D 3 was lower than in those fed diets without vitamin D 3 (Nemere and Campbell, 2000) . Opposite results were observed in the present study. 25-OH-D 3 up-regulated mRNA expression levels of mVDR in the duodenum of broilers.
1,25-(OH) 2 -D 3 treatment increased mRNA expression levels of NaPi-IIb in 14-day-old rats but exerted no effect on mRNA expression in 90-day-old rats (Xu et al., 2002) . 1α-OH-D 3 also elevated NaPi-IIb mRNA levels in the jejunum and ileum of 21-day-old broilers (Han et al., 2009) . These data suggest that 1,25-(OH) 2 -D 3 or 1α-OH-D 3 regulates NaPi-IIb gene transcription in young animals. The present study showed that 25-OH-D 3 increased NaPi-IIb mRNA level in 14-day-old chickens, thereby promoting active phosphate absorption in the duodenum of broilers.
In summary, the highest mRNA expression levels of nVDR and NaPi-IIb were observed in the duodenum of 21-day-old broilers, followed the jejunum, and then the ileum. By contrast, no difference in mVDR mRNA expression level was observed among the 3 intestine segments. Age quadratically affected mRNA expression levels of nVDR, mVDR, and NaPi-IIb in the duodenum and 25-hydroxylase in the liver of 7-to 42-day-old broilers, with the highest mRNA levels observed at 21d of age. By contrast, age linearly decreased mRNA expression levels of 1α-hydroxylase in kidneys. Dietary NPP levels quadratically affected mRNA levels of nVDR, mVDR, and 25-hydroxylase. The highest mRNA expression levels of nVDR and mVDR and lowest mRNA level of 25-hydroxylase were observed at 0.55% NPP. mRNA levels of NaPi-IIb linearly declined when dietary NPP levels increased from 0.25 to 0.65%. Addition of 12.5 μg/kg of 25-OH-D 3 increased mRNA expression level of 1α-hydroxylase in kidneys and those of nVDR, mVDR, and NaPi-IIb in the duodenum compared with those of birds fed diets without 25-OH-D 3 . These data indicate that mRNA expressions of nVDR and NaPi-IIb are highest in the duodenum and the greatest mRNA levles of nVDR, mVDR, and NaPi-IIb are observed at 21 d of age. Dietary NPP levels quadratically increase mRNA expressions of nVDR and mVDR but linearly decrease NaPi-IIb mRNA level. 25-OH-D 3 up-regulates the above gene transcription.
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